Abstract-Insulin resistance may be an independent risk factor for the development of hypertension, but change in blood pressure (BP) over time has not been adequately studied in healthy individuals fully characterized for insulin sensitivity.
H yperinsulinemia 1 and underlying insulin resistance are associated with essential hypertension, 2 but their exact role in pathophysiology remains unclear. In the Framingham Offspring study, 3 an insulin sensitivity index estimated from fasting and postload insulin and glucose levels 4 independently predicted blood pressure (BP) tracking during 4 years in nonobese middle-aged men and women. 5, 6 The euglycemic clamp technique, requiring intravenous insulin infusion with real-time glucose monitoring, is the acknowledged gold standard for the assessment of insulin sensitivity. 7 However, because it is invasive and labor-intensive, it has not been applied in adequately sized cohorts at risk of hypertension. Longitudinal studies have instead used fasting insulin concentrations, homeostasis model assessment (HOMA; calculated from fasting insulin and glucose concentrations), and insulin sensitivity index (calculated from fasting and postload insulin and glucose levels). 4, 8 Most, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] but not all, [23] [24] [25] [26] [27] have reported a relationship between insulin resistance and future BP rise or the development of hypertension.
Although these surrogate measures correlate with clampmeasured insulin sensitivity, 28 they depend on insulin immunoassays and do not account for body mass or body composition. Some previous studies in adults have used more direct physiological methods but have been either small 29 or cross-sectional. 30, 31 Having previously published cross-sectional euglycemic clamp data from the Relationship between Insulin Sensitivity and Cardiovascular disease (RISC) cohort (n=1384), 32 we now report the longitudinal relationship between baseline insulin sensitivity and BP during 3 years.
Methods
The RISC study is a large euglycemic clamp-based prospective study of the association between insulin resistance and atherosclerotic disease. 33 The RISC investigators and recruiting centers are listed in full in the online-only Data Supplement. The protocol was approved by Institutional Review Committees at all study centers, and the participants gave informed consent. All clinical assessments were performed according to the principles of the Declaration of Helsinki.
Participants were clinically healthy individuals aged 30 to 60 years recruited from 18 centers in 13 European countries. Exclusion criteria included presence of (or treatment for) cardiovascular disease, diabetes mellitus, dyslipidemia, or any other chronic disease. Of the 1563 participants screened, 1384 healthy individuals had a euglycemic clamp at baseline; of these, 1073 (587 women and 486 men) had complete data at 3-year follow-up after exclusion of those who had developed diabetes mellitus and symptomatic cardiovascular disease (n=21).
BP and Physical Examination
BP was measured sitting after 5-minute rest by trained study nurses (OMRON 705CP, Hamburg, Germany) in triplicate, according to a standard protocol: the median of these readings was used in this analysis. Median systolic BP (SBP) ≥140 mm Hg and median diastolic BP (DBP) ≥90 mm Hg at follow-up were taken to indicate hypertension. 34, 35 Participants who had been identified and commenced on treatment in routine care (n=46) were classified as hypertensive. Height was measured by stadiometer. Body weight, percentage of body fat, and lean body mass (lbm) were evaluated by bioimpedance (TBF-300, Tanita International Division, United Kingdom).
Insulin Sensitivity
Insulin sensitivity was measured by a standard hyperinsulinemic euglycemic clamp technique as previously described, after central training of site staff. 33 Target plasma glucose concentration was between 4.5 and 5.5 mmol/L; insulin was infused at a rate of 240 pmol·min
. Plasma glucose was measured at 5-to 10-minute intervals to ensure it remained within 0.8 mmol/L (±15%) of target glucose concentration. The steady-state period (for calculation of insulin sensitivity) was between 80 and 120 minutes. The glucose infusion rate (M value) was expressed in mg·min 
Biological Samples
Total cholesterol, high-density lipoprotein cholesterol, and triglycerides were assayed by enzymatic colorimetric assay (Roche), and low-density lipoprotein cholesterol was calculated by the Friedewald formula. A 75-g oral glucose tolerance test was used to exclude participants with diabetes mellitus at inclusion (or developing diabetes mellitus during follow-up), with glucose assayed centrally by the glucose oxidase method (Cobas Integra, Roche).
Other Measures
Physical activity was measured during 1 week by Actigraph accelerometer (version AM7164-2.2, CSA Inc, Florida) expressed as average number of counts per minute. 36 Women were classified as postmenopausal if their last menstrual period was >12 months before baseline measurements.
Follow-Up
After annual telephone follow-up calls, participants attended a repeat visit at 3 years for medical history, concomitant medication, BP, anthropometry, blood examinations, and oral glucose tolerance test.
Statistical Analysis
Variables not following a Gaussian distribution were log-transformed. Because the sex*log M/I interaction term for SBP at Year 3 was significant in pooled regression with all of the data (P=0.003), subsequent analysis was performed separately by sex. Baseline measurements are shown in Table 1 , with univariate Pearson correlation coefficients between change in systolic and DBP and other covariates in Table 2 . ANOVA was used to examine change in BP across sex-specific tertiles of baseline insulin sensitivity with Tukey post hoc testing (corrected for multiple comparison) to examine changes between tertiles. Change in BP between baseline and follow-up was compared within each tertile of insulin sensitivity using paired t tests. Multiple linear regression analysis was used to determine whether insulin sensitivity predicted systolic and DBP at 3 years with covariates, including age, recruitment center (using indicator variables), baseline BP, body mass index (BMI), change in BMI, blood glucose, lipid profile, and lifestyle factors. The method of Cui et al 37 was used to estimate numeric BP values for individuals who had been commenced on antihypertensive medication between baseline and follow-up. 38 The relationship between log M/I and SBP at Year 3 adjusted for baseline SBP was used in preference to the unadjusted relationship with change in SBP, given that baseline BP and change in BP are usually highly correlated. 3 The relationship was curvilinear when adjusted for study center and age only, but this was no longer the case when baseline SBP was added to the model. β-coefficients for insulin sensitivity are shown along with R 2 for the coefficient of determination for the model. Binary logistic regression was used to assess prediction of hypertension defined according to ESH/JNCVII (European Society of Hypertension/Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure) as ≥140/≥90 mm Hg 34, 35 (or by its treatment). SPSS version 18 was used in all analyses.
Results
At 3 years, BP had reached a diagnostic threshold for hypertension in 11.6% of all participants (n=125; 75 men, 50 women). A further 4.3% (n=46; 23 men, 23 women) had been commenced on antihypertensive treatment in routine care, that is, 16.0% (n=171; 98 men, 73 women) of all participants had developed incident hypertension.
Insulin concentrations achieved at steady state (mean±SD) were 416±111 pmol/L in men and 406±112 pmol/L in women. Men had lower insulin sensitivity (M/I) than women (Table 1) ; statistically significant differences were also noted between the sexes for all measurements, except smoking status and physical activity.
In univariate analyses (Table 2) , change in both systolic and DBP correlated in the expected manner with baseline values in both sexes. Change in both systolic and DBP from baseline was correlated with insulin sensitivity (log M/I) in women but not in men. Weight correlated with change in diastolic, but not SBP, in both sexes. Other correlations were of borderline statistical significance.
When baseline SBP was expressed according to sex-specific tertiles of insulin sensitivity (M/I; mean±SD; Figure When key covariates (including recruitment center, age, baseline SBP, BMI, change in BMI, lipid profile, smoking status, and fasting glucose) were included in multiple regression analyses (Table 3) , low insulin sensitivity (log M/I) significantly and independently predicted SBP at 3 years in women (β=−0.214; P<0.001) but not in men.
M/I was not a predictor of the development of hypertension, in either sex, after adjustment for baseline SBP, age, and BMI (data not shown), although the trend test across the M/I tertiles was significant for the development of hypertension in women (P<0.01) but not in men (P=0.260). There was no relationship between insulin sensitivity and SBP in either sex when HOMA was substituted for Log M/I as an independent variable (data not shown). When regression analyses were repeated substituting waist for BMI, results were very similar (data not shown). Insulin sensitivity did not predict DBP longitudinally (data not shown).
Discussion
In this analysis of 1073 healthy European adults, low insulin sensitivity measured using a robust euglycemic clamp technique predicted rise in SBP at 3 years in women but not in men. SBP was higher at baseline in women with low insulin sensitivity than that in those with intermediate or high insulin sensitivity. It increased during 3 years in all groups studied, except in women with high baseline insulin sensitivity. Insulin sensitivity predicted change in SBP independently of key covariates (including age, baseline BP, BMI, and change in BMI) 3 in women only. These findings offer new insights into the relationships between metabolic factors and BP by sex, clarifying and extending cross-sectional data we have previously reported from the RISC cohort. 32 The most comprehensive previous study on this topic was the Framingham Offspring study in which insulin sensitivity was assessed in 1933 healthy adults using an insulin sensitivity index based on fasting and postload insulin and glucose levels. 3 In this report, insulin sensitivity (expressed categorically in sexspecific quartiles and stratified by age) was independently associated with BP over time in younger, leaner individuals of both sexes but not in those who were older, overweight, or obese.
A unique feature of the present analysis is that it is based on data from a large number of individuals undergoing a standard euglycemic clamp. Insulin sensitivity was directly derived from the glucose infusion rate during steady-state euglycemia adjusted only for centrally measured insulin concentrations, and lean body mass was measured using a standard device.
Only 2 previous investigations into the longitudinal relationship between insulin sensitivity and BP in adults have incorporated direct measures of insulin sensitivity, 20, 29 and only 1 investigation used the euglycemic clamp. One of these studies was relatively small (n=54) and in men only: no effect was demonstrated. 29 The other used a modified frequently sampled intravenous glucose tolerance test in a triethnic population (n=840) and reported a modest protective association of insulin sensitivity on the risk of hypertension. 20 Other longitudinal studies reporting a relationship between insulin sensitivity and BP [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] have been based on surrogate measures of insulin resistance, including either fasting insulin [10] [11] [12] [13] [14] [15] 17, 21, 22 or fasting insulin and glucose concentrations (HOMA). 18, 19 They have been performed in a variety of populations (Scandinavian 11, 15, 22 ; Mexican-American 16, 17 ; Japanese individuals 13, 14 ), with some including only men 10, 11, 19, 25, 29 but none only women. Some studies of reasonable size and duration have reported no relationship between insulin sensitivity and BP 9,23,24,26,27 after adjustment for baseline BP and weight/adiposity, although it is difficult to interpret from some studies whether data were examined separately by sex.
Validation studies of HOMA against clamp insulin sensitivity report Pearson r values of between 0.5 and 0.6 but are based on small numbers of participants pooled for sex. 4, 28 On average, women have a lower percentage of lean body mass compared with men. Therefore, in the presence of intact β-cell function, a given absolute value of fasting insulin (or HOMA) in women reflects a greater level of tissue insulin resistance than in men. Women in the Framingham Offspring cohort had (on average) lower BMI and lower fasting insulin than men, but a similar insulin sensitivity index. If BP tracking over time is related to tissue rather than whole-body insulin sensitivity, euglycemic clamp data are likely to be more precise by sex than indices based on fasting insulin. Differences in the relationships among insulin sensitivity and BP according to sex may reflect higher fat mass as a percentage of body weight in women, particularly with aging. 39 Strengths of the present analysis are the following: use of a gold standard assessment of insulin sensitivity with a standard protocol among participating centers; central training of study personnel with focus on quality control; and accurate measurement of BP using the same standard and validated device in all centers. We acknowledge that the low proportion of cases that developed incident hypertension (16%) limited the power of our analysis to address a more clinically relevant outcome measure. Moreover, given the invasive nature of assessments, we were unable to use a truly population-based sampling method. Because only European centers were included, with very few participants representing ethnic minorities, it cannot be assumed that our findings can be generalized to other populations.
Perspectives
These prospective data from the Europe-wide RISC cohort of healthy adults indicate that low insulin sensitivity measured using the euglycemic clamp technique is an independent predictor of longitudinal change in BP over time in women but not in men. Women with high insulin sensitivity may be protected against rise in SBP over time. The physiological basis for the sex difference we report in the RISC cohort and its implications for the role of insulin resistance in the pathophysiology of hypertension remain uncertain. Further insights may be gained by further follow-up of the cohort.
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